The use of internal standards both during DNA extraction and PCR-DGGE procedure gives the opportunity to analyse the relative abundance of individual species back to the original sample, thereby facilitating relative comparative analysis of diversity. Internal standards were used throughout the DNA extraction and PCR-DGGE to compensate for experimental variability. Such variability causes decreased reproducibility among replicate samples as well as compromise comparisons between samples, since experimental errors cannot be differentiated from actual changes in the community abundance and structure. The use of internal standards during DNA extraction and PCR-DGGE is suitable for ecological and ecotoxicological experiments with microbial communities, where relative changes in the community abundance and structure are studied. We have developed a protocol Internal Standards in Molecular Analysis of Diversity (ISMAD) that is simple to use, inexpensive, rapid to perform and it does not require additional samples to be processed.
Introduction
Polymerase chain reaction (PCR) and denaturing gradient gel electrophoresis (DGGE) is a widely used combination of techniques for describing bacterial community structure and diversity based on extracted DNA, see [1] [2] [3] [4] [5] . There are drawbacks with this combination of methods, both in the DNA extraction and in PCR-DGGE step, due to for example biases in primer annealing, base pair mismatches, and limitations in DGGE-resolution [6] [7] [8] . Furthermore, these analyses only provide presence/absence data and not abundance of certain species, mainly due to the ''qualitative nature'' of PCR rather than a quantitative. Basically, all physical, chemical and biological steps in the diversity analyses involve risks of being biased [3, [9] [10] [11] . However, fingerprinting techniques such as PCR-DGGE/ TRFLP and others, are necessary when high sample numbers are needed to understand ecological impacts on community diversity.
Truly quantitative information using molecular methods can only be obtained if cell lysis and extraction efficiency, as well as biases in the PCR step are under experimental control. This is not feasible in analyses of environmental samples containing an unknown amount of cells, a wide range of cell types, inhibitors as well as DNA from non-target organisms. Thereby, presence and intensities of bands on a DGGE-gel cannot be considered to represent true changes in the microbial community. However, the use of internal standards in the DNA extraction and PCR/DGGE-steps ensures that at least introduced experimental variation is compensated for, thus making it possible to describe relative changes in abundance and diversity between samples that originate from the same type of environment. We have developed a protocol, Internal Standards in Molecular Analysis of Diversity (ISMAD) where internal standards are used to compensate for such introduced experimental variability between samples during DNA extraction, PCR and DGGE, thereby reducing the inherent biases that exist in the methods. The application of ISMAD is especially useful in comparative ecological and ecotoxicological experiments where differences between treatments from the same original community are studied and where changes due to treatment effects are sought. These types of experiments typically involve a high number of replicates, thus necessitating a protocol that is simple, easy, inexpensive and rapid to perform.
The experimental variability during DNA extraction can for example be caused by differences in adhesion of DNA to the sample matrix, inefficient precipitation of DNA, pipetting errors and loss, or partly loss, of the DNA pellet during DNA isolation. The addition of an internal standard during DNA extraction (Extr IS ) can compensate for differences in these types of experimental variability between samples, provided that the Extr IS mimics the sample DNA with respect to physical and chemical properties. The sample DNA and Extr IS will, independently of each other, be affected by the same experimental variability making a subsequent relative comparison possible based on the amount of precipitated Extr IS . The quantification of the extracted amount of DNA by using Extr IS is useful in experiments where the total amount of DNA in a given environment is investigated and used as an endpoint or indicator to describe a certain situation, for example in ecotoxicological or ecological experiments. The use of Extr IS in ISMAD does not include analyses of biases introduced during cell lysis and extraction due to for example differences in cell wall thickness between different bacteria types, or differences in the EPS matrix surrounding the cells, because the added Extr IS is a naked PCR product.
Conventional and quantitative PCR are affected by experimental variability causing tube-to-tube variations which might be introduced by temperature differences during PCR, the reaction mixtures and co-extracted inhibitors of polymerase [12] . The use of an internal standard (PCR IS ), which is amplified in each individual PCR tube, can however, control for experimental variability thereby allowing for relative comparisons between samples [13, 14] . The comparison between samples can be performed if same amount of PCR IS template and primers are added to all PCR reaction tubes, and if the amplification of PCR IS and the target DNA is independent of each other. PCR IS can be used without the need for several standard additions as in cPCR or expensive PCR reactions as in real-time PCR.
Materials and methods

Calculations of relative changes using ISMAD
A hypothetical example of calculations back to the original samples using obtained results from a DGGE gel with and without ISMAD is outlined in Fig. 1 and Fig. 1 . Hypothetical example on the use of ISMAD during DNA extraction, PCR and DGGE.
Step 1: Compensation for differences in initial sample amount.
Step 2: Normalisation of total DNA concentration based on extracted amount of Extr IS .
Step 3: Dilutions prior to PCR.
Step 4: Quantification of the band of interest and the band representing PCR IS and normalisation according to the average PCR IS for all samples. For final calculations see Table 1 . Table 1 . To determine the change in relative abundance of species 1 (band 1) in the DGGE between samples 1 and 2 without using ISMAD, the band intensity on the DGGE would only have been compensated for by the differences in amount of initial sample used, and the dilution of DNA prior to PCR. In this case the ratio for species 1 between samples 1 and 2 would have been 3:4.
Using ISMAD, the intensity of band 1 is first normalised to the average PCR IS for all samples, that is, the intensity of band 1 in sample 1 should be multiplied by two to compensate for a less successful PCR compared to sample 2. Likewise, the average Extr IS for all samples is used to compensate for the differences in DNA extraction and here sample 1 should again be multiplied by two. The ratio for band 1 between samples 1 and 2 will now be 3:1 instead of 3:4 when calculated without using ISMAD. After normalisation with Extr IS and PCR IS it is no longer possible to use the term measured DNA concentration (for example ng/g sediment) or measured concentration of PCR product (for example lg/ll), but rather calculated DNA and PCR concentration.
Verification of ISMAD
An experiment was conducted in order to investigate and verify the advantages of ISMAD during analysis of bacterial diversity using PCR-DGGE. Enriched seawater was chosen as model system to describe the performance of ISMAD. The enrichment of seawater can be compared to situations where, for example nutrients or toxic compounds are introduced in a certain environment, and potentially cause changes in DNA content, bacterial diversity and abundance.
Seawater from Roskilde Fjord, Roskilde, Denmark (position 55°42 0 N, 12°06 0 E) was collected in March 2003 and sieved through 11 lm filter to remove large fauna and algae. One hundred millilitres of seawater was incubated for 24 h with 0.5 g LB Miller Broth media (Scharlau, Barcelona, Spain) in the dark at room temperature (20°C) with constant stirring in order to increase the bacterial DNA content in the water samples. After 24 h, optical density (OD) was measured at 600 nm.
Six dilutions were made and OD was measured for each dilution resulting in a range from 0.026 to 0.672. Triplicate subsamples (3 · 1.5 ml) were taken from each dilution, centrifuged at 14000g for 30 min in 1.5 ml screw-cap cryo tubes. The supernatants were removed leaving only the pellets containing the bacterial cells in the tubes and the DNA extraction with Extr IS was performed according to the procedure described below. The relative abundance of species 1 at the different ODs was assessed using ISMAD as described in 2.1, and without using ISMAD. For convenience, the intensities are here converted into ng DNA using the known amount of PCR IS as conversion factor.
In a separate experiment DNA from Ulva lactuca, a marine sediment and from a garden soil was extracted using the DNA extraction method described in this article and the ISMAD protocol (n = 3). The experimental variability during DNA extraction was evaluated using Extr IS for the three sample types ( Table 2 ). The relative abundance of one species on the DGGE gels was used to evaluate the use of PCR IS for the three sample types, in a similar manner as for the seawater sample (Table 4 ).
Preparation of the Extr IS
The internal standard Extr IS is a pre-made 510-basepair fluorescent PCR product based on a fragment of Final ratio x3 x4 x12 (3) x4 (1) Steps 2 and 4 describe the normalisations according to Extr IS and PCR IS , and are only found when ISMAD is used in the calculations (written in bold). The multiplication of all dilutions (steps 1 and 3) and all normalisations using ISMAD (steps 2 and 4) are added (Final ratio) and written in underlined bold italics. The lowest RSD for each sample is underlined.
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16S rDNA from the E. coli genome (Sigma-Aldrich, St. Louis, MO, USA) which is amplified with the following primers 27F (5 0 -GAGTTTGATCCTGGCTCAG-3 0 ) and 536R (5 0 -GTATTACCGCGGCTGCTG-3 0 ). 16S rDNA was here chosen as the Extr IS because it does not interfere with the subsequent PCR, where primers targeting a fragment of the gene coding for RNA polymerase b subunit, rpoB, were used. The advantages of using the fragment of the RNA polymerase b subunit gene, rpoB, for DGGE pattern analysis are described in [15] and is summarised in the following. The gene coding for the fragment of the RNA polymerase b subunit, rpoB, is only found in one copy in bacteria in contrast to multiple copies of the 16S rDNA which have been found in several species. Furthermore, the rpoB gene possesses the same key attributes as the 16S rDNA for example that it is common in all bacteria and that it contains conserved as well as variable regions and therefore can be used as a phylogenetic marker [15] .
If primers targeting the 16S rDNA were to be used in the bacterial diversity analysis, the fragment of the rpoB gene could be used as Extr IS for example using the primers rpoB 1698F and rpoB 2041R (see PCR conditions). The Extr IS primers are both tagged with the fluorescent dye, Cyanine 3.5 at the 5 0 end (in our system: ex/em 581/ 607 nm). This labelling makes quantification easy to perform on a fluorescence spectrophotometer.
DNA extraction
The DNA extraction was performed by bead beating according to [16] and is summarised below. One millilitre of extraction buffer (400 ll 6.25 M ammonium acetate; 100 ll 1 M Tris (pH 8); 40 ll 0.5 M EDTA (pH 8) and 460 ll Milli-Q); 80 ll CTAB/NaCl; 15 ll fluorescent Extr IS (25 ng/ll); 200 ll of silica beads (Biospec Products, Inc., Bartesville, USA); 0.015 g of acid washed PVPP and 300 ll of chloroform: isoamylalcohol (24:1) (Lab Scan and Merck) was added to each screw-cap cryo-tube, which contained the sample of interest.
The tubes were run for 30 s at 5.5 m/s in a BIO-101 bead beater (Savant, Holbrook, NY, USA) and afterwards centrifuged for 15 s. The supernatants were transferred to 1.5 ml Eppendorf tubes and centrifuged for 20 min at 15000g to precipitate proteins. The new supernatants were transferred to 2 ml Eppendorf tubes, 3 M NaAC (1/10th of the volume) was added and the tubes were topped up with isopropanol (Sigma) (minimum 0.6 · volume), vortexed, followed by precipitation overnight (4°C). The samples were centrifuged (30 min, 15000g, 15°C), the pellets were washed with ice-cold 75% ethanol and the DNA was dissolved in 100 ll TE. PicoGreen Ò (ex: 502 nm, em: 523 nm) was used to quantify the total amount of double stranded DNA in the samples, after which the contribution of the double stranded Extr IS in each sample could be subtracted. When fluorescence is used for quantification of both total DNA and Extr IS , it is important that the fluorescence from total DNA can be distinguished from the fluorescence from Extr IS alone. Consequently, the emission maxima have to be distinct, for example the emission maximum for PicoGreen Ò (total DNA) is 523 nm, whereas the emission maximum for Cyanine 3.5 (Extr IS ) is 607 nm. Furthermore, no overlap in the excitation wavelength was found, that is, no emission from PicoGreen Ò was found using 581 nm as excitation wavelength and no emission from Cyanine 3.5 was found using 502 nm as excitation wavelength.
The amount of precipitated Extr IS was quantified in 50 ll of sample and the DNA content was quantified with PicoGreen Ò in 5 ll sample (ex/em 502/523 nm) (Molecular Probes) on a fluorescence spectrophotometer (Fluostar, BMG Labtechnologies, Offenburg, Germany). A standard curve was constructed between fluorescence of the Extr IS and its corresponding fluorescence when dyed with PicoGreen Ò so that the contribution of the amount of double stranded Extr IS in the samples could be subtracted from the PicoGreen Ò signal from the total amount of DNA in the sample. After quantification, the DNA from all samples was diluted to a concentration of 50 ng/ll prior to PCR. To visualise the precipitation of DNA and the Extr IS , a 1% agarose gel was run for 1 h, stained with ethidium bromide (0.5 lg/ml) for 25 min and destained in water for 15 min.
PCR IS and PCR conditions
The PCR IS originates from chromosome 3 in the Drosophila melanogaster genome and it is a 140 basepair long PCR product that is amplified during the PCR of sample DNA using non-competitive primers. The primers used for the amplification of D. melanogaster DNA were 7631F (5 0 -GATTCGGAGACTTGGTACCG-3 0 ) and 7771R (5 0 -TGGTATCCTACCCTTATG-3 0 ), with the same GC-clamp as described below added to the forward primer.
A fragment of the RNA polymerase beta subunit gene, rpoB, was amplified for the subsequent DGGE analysis using the following primers, rpoB 1698F (5 0 -AACATCGGTTTGATCAAC-3 0 ) and rpoB 2041R (5 0 -CGTTGCATGTTGGTACCCAT-3 0 ) [15] . A GCclamp was added to the forward primer at the 5 0 -end (5 0 -CGCCCCCCGCGCCCCGCGCCCGGCCCGCCG-CCCCCGCCCC-3 0 ). The PCR IS mix including PCR IS template (D. melanogaster DNA) and PCR IS primers was added to the PCR master mixture. The PCR master mixture for one PCR tube contained 2 ll PCR buffer; 0.7 ll dNTP (20 pmol/ll of each); 0.5 ll of each rpoB primer (25 pmol/ll); 0.2 ll of each PCR IS primer (25 pmol/ll); 1 ll of PCR IS template (3 ng/ll); 0.5 ll bovine serum albumin (10 mg/ml); 2 ll JumpStartä RedTaqä polymerase and 10.4 ll Milli-Q. To 18 ll of reaction mixture, 2 ll sample DNA (50 ng/ll) was added, giving a final volume of 20 ll. The PCR was performed on a Hybaid PCR Express Thermal Cycling machine (Franklin, MA, USA).
The thermal cycling conditions were as follows: initial denaturing and activation of polymerase for 5 min at 94°C, followed by 25 cycles consisting of denaturing for 30 s at 94°C, annealing for 1 min at 50°C and extension for 1.5 min at 72°C, with a final 10 min 72°C extension period at the end of the PCR. Primers were supplied by DNA Technology A/S (Aarhus C, Denmark), nucleotides from Invitrogene (Carlsbad, CA, USA) and chemicals were supplied by Sigma unless otherwise stated.
DGGE conditions
Equal volumes (10 ll) of PCR products (600 ng/ll) were run on a DGGE gel with a gradient of polyacrylamide (6-8%) parallel to a 35-55% linear denaturing gradient (100% denaturing gradient contains 7 M urea and 40% formamide). The electrophoresis was run for 16 h at 75 V using the Biorad D-code system (Hercules, CA, USA) in 0.5 · TAE buffer. The gels were stained with SYBR Ò Gold (Molecular Probes, Leiden, The Netherlands) in 1 · TAE buffer (1:10000) and analysed using the KODAK 1D Analysis Software.
Statistical analysis
To determine whether there was a significant reduction in variation within samples due to the use of internal standards a one tailed t-test was performed, where the relative standard deviations with or without compensation with internal standards were compared.
Results
DNA extraction with Extr IS
The extracted DNA and Extr IS can be visualised on an agarose gel if a short Extr IS is used, which does not co-migrate with the sample DNA (Fig. 2) . Quantification of DNA and Extr IS can then be made directly from the agarose gel as long as the exposure is kept in the linear range of the camera. We, however, quantified the sample DNA and Extr IS by using fluorescence spectrofluorometry due to higher accuracy.
The standard curve for Extr IS showed that the relationship between fluorescence of the Extr IS and the amount of Extr IS was linear over a wide range of concentrations (20-200 ng) (Fig. 3) . In the experiment to validate ISMAD, the same amount of Extr IS was added to different amounts of sample (enriched seawater) and thereby different amounts of DNA (OD in samples ranging from 0.672 to 0.026). The results showed that the precipitation of the Extr IS was independent of the total amount of sample DNA within this range (Fig. 4) , since no significant correlation between the amount of sample DNA and the amount of precipitated Extr IS was found. The initial addition of Extr IS was 400 ng (25 ng/ll), and the amount of precipitated Extr IS was 22.3 ± 4 ng (average ± standard deviation) in each tube, which is consistent with a recovery of 5.6% ± 1 of the internal standard.
PCR-DGGE with PCR IS
The PCR IS primers were tested against all existing sequences in the National Centre for Biotechnology Infor- 
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mation (www.ncbi.nlm.nih.gov) using BLAST, and only one match to a prokaryote was found, a hyperthermophilic archae (Pyrococcus abyssi). The match was found only for the reverse primer and since no match for the forward primer was noted, no amplification of this species should be expected.
Interference between rpoB primers and PCR IS primers, as well as between microbial DNA and PCR IS template DNA were investigated by analysing all possible combinations of primers and DNA. The DGGE results showed that rpoB primers did not interfere with the PCR IS primers and PCR IS template (Fig. 5, Lane 1) . Furthermore, the DNA from the enriched seawater was amplified both with and without PCR IS template and primers to check for possible artefacts that could not be evaluated through cross-checking the primers as above, and no artefacts were observed (same banding patterns) (Fig. 5, Lanes 2 and 3) . Finally, the rpoB primers did not amplify any genes in the D. melanogaster genome (PCR IS template) (Fig. 5, Lane 4) and the PCR IS primers did not amplify any genes using extracted DNA from enriched seawater as template (Fig.  5, Lane 5) . No changes in DGGE banding pattern could be observed due to artefacts caused by the PCR IS primers and template. The PCR IS was amplified independently (no significant correlation) of the amount of sample DNA ranging 3-150 ng/ll when amplified with a constant amount of PCR IS template (2 ng/ll) (data not shown).
Verification of ISMAD
A sea water sample diluted to six different ODs was used to verify ISMAD. One band on the DGGE-gel, representing one species (species 1, band 1), was quantified and the intensity was adjusted using the average PCR IS , dilution factor and average DNA IS . The same band was quantified without the use of the internal standards and was only adjusted for with the dilution factor. For convenience, the intensities were converted into ng DNA of species 1 (band no. 1, Fig. 6 ) using the known amount of PCR IS and its resulting intensity as standard. A regression analysis of relative abundance of species 1 and OD showed that the use of ISMAD reduced the error of the slope and intercept by a factor of five, and resulted in a higher regression coefficient (Fig. 7) , and smaller relative standard deviation at five out of 6 ODs. The regression using ISMAD shows that a 50% reduction of OD due to dilution, yields the expected 50% reduction for species 1, whereas this was not the case using the other regression. 
Discussion
Determining the true total microbial diversity in any environmental sample is a demanding task where several methods should be combined. Techniques like fluorescent in situ hybridisation (FISH) [17] and clone libraries offer good alternatives to PCR-DGGE in community analysis, and especially FISH is very suitable for directly quantification of presence and abundance of bacterial species. Even when FISH, cloning, preferably with several genes, and cultivation are used in combination, there are uncertainties as to whether the total diversity is described [18] . The task becomes even more demanding if these approaches are to be used in highly replicated experiments where changes in diversity due to treatments are to be determined. In such demanding experiments it is necessary to use a more moderate combination of methods for example the PCR-DGGE method, but then inherent biases have to be taken into account in the diversity analysis.
The use of ISMAD during PCR-DGGE makes it possible to analyse whether differences in bacterial abundance and diversity are due to differences in the original samples, or due to biases from experimental variability between samples introduced during the DNA extraction, PCR and DGGE. The hypothetical example (see Section 2.1) shows the need for such normalisations with internal standards, because only small deviations in the success of DNA extraction and PCR-DGGE can affect the conclusions on relative abundance of specific species in the original sample (Table 1) . This was also shown in practice in the verification step, where the amount of DNA from species 1 in the different dilutions was accurately described when ISMAD was used, as opposed to when not using the internal standards. Had the results from the verification experiment represented an unknown experimental treatment effect, then the interpretation of the results when not using ISMAD would have been confounded by experimental errors. Relative changes in abundance and diversity can, however, be used in PCR-DGGE community analysis instead of only presence/absence when a protocol like ISMAD is applied, but other inherent biases must still be taken into account.
The use of Extr IS during DNA extraction and precipitation significantly reduced the variation within triplicates in five out of six seawater samples from an average relative standard deviation of 11.0 to 14.4 (p < 0.05) ( Table 2) . A reduction in variation was also observed for U. lactuca, sediment and soil samples (Table 2). Furthermore, the recovery of the Extr IS was independent of the amount of sample DNA (Fig. 4) , which means that the recovery of the Extr IS is only dependent on the general physical handling of the samples and not influenced by the amount of sample DNA. This aspect is very important when environmental samples are analysed, where differences in DNA content per sample unit can occur.
Due to the independent precipitation of the Extr IS , the success of the precipitation and isolation of the DNA in samples can be measured through the amount of precipitated Extr IS . That is, a small amount of Extr IS reflects a less successful isolation of DNA compared to a sample with a higher amount of Extr IS . We found that approximately 5.5% of the added Extr IS was recovered after DNA isolation, which could be due to the small size of the Extr IS (510 bp) or bleaching of the fluorescent tag during extraction. The amount of precipitated Extr IS is, however, not important in IS-MAD, as long as the precipitated amount of Extr IS is measurable and is independent of the amount of sample DNA. Therefore, the use of ISMAD makes it possible to calculate whether a small amount of DNA is due to a small amount of initial DNA in the samples, or simply due to an unsuccessful DNA isolation. This provides the possibility to calculate the hypothetical initial amount of DNA per sample unit. The quantification of total extracted DNA using Extr IS can thereby be used as an endpoint in ecological and ecotoxicological experiments.
Cell lysis efficiency is not included in ISMAD and this should be kept in mind when interpreting diversity based on a DGGE gel even though ISMAD is used. However, when comparing a whole cell internal standard with a naked standard, it was shown that it is experimental variability rather than cell lysis efficiency that caused the variation [19] . In addition, using one type of whole cell as internal standard does not represent cell lysis efficiency for all cell types present in an environmental sample. Whole cell internal standards can, however, be useful when quantifying a known target strain. The regression line using ISMAD has a standard error for the slope of 2.36 and the regression without ISMAD has a standard error for the slope of 11.71. Means ± 95% confidence intervals.
Preferably, the method of cell lysis should be highly repeatable and lyse a high and representative proportion of cells in the sample [6, 20, 21] . In the evaluation of different DNA extraction methods for difficult matrices, such as sediments and soils, it was found that bead beating, maximised the extraction of DNA from bacterial cells [14, 22] , and resulted in the most representative DNA extraction for community analysis [2, 23, 24] . Even if bead beating is used for DNA extraction, as in the work presented here, the use of ISMAD does not account for the insufficient lyse of different cell types and the diversity found on the DGGE gel will thereby not represent the true diversity found in the original sample. However, since ISMAD is used in comparative analysis of changes in diversity from the same original community, the samples can be assumed to be affected by the same lysis biases. One disadvantage of bead beating is fragmentation of DNA, which occur during the physical disruption of the cells, but it has, however, been shown that shearing during bead beating can be minimised by decreasing the homogenisation time and the speed [22] .
It is worth noting that the quantification of total DNA by Extr IS includes DNA from all organisms in the samples, such as bacteria, meiofauna and plankton. In studies with environmental DNA, the amount of bacterial DNA is, however, rarely determined prior to PCR. Instead, the same amount of environmental DNA is used as template during PCR in order to have approximately the same amount of total DNA pr. amount of Taq polymerase, nucleotides, primers, buffer etc. in each PCR reaction.
No artefacts and no interference were observed between sample DNA, rpoB primers, PCR IS template and PCR IS primers during the PCR reaction (Fig. 5) . Users of ISMAD should always check that the primers used for the internal standard do not amplify any genes found in a specific environment used for analysis. The use of PCR IS in ISMAD showed that the variation among replicate samples based on total PCR product was significantly reduced in five out of six PCR triplicated samples from an average relative standard deviation of 4.5-2.4 (p < 0.05) ( Table 3) . Same tendency was observed on a selected band on the DGGE gel where the relative standard deviation decreased from 5.4 to 3.1 (p < 0.05) (Table 4) . Furthermore, the results showed that the PCR IS was amplified independently of the amount of sample DNA with no interference between the rpoB and the PCR IS primers. The independent amplification of the PCR IS is essential for the success of this method, especially when environmental samples are used with substantial variation in bacterial DNA content that cannot be determined separately from the total DNA prior to the PCR. A reduction in variation was also observed when the abundance of a chosen band was normalised according to the PCR IS for U. lactuca, sediment and soil samples ( Table 4 ).
The PCR IS does not account for biases in the original template-to-product ratio after PCR due to for example specific inhibiting sequences outside the amplified region [25] , differences in primer binding energies [26] , variation in G + C content between templates [13] , effects of plateau phase [27, 28] , drift [29] or co-migration of bands on the DGGE gel [8] . In order to use the PCR product in a truly quantitative analysis it must be assumed that homologous but non-identical sequences are amplified with equal efficiency, or that amplification efficiencies between each template and the competitor are known in order to account for potential PCR selection [26, 30] . These biases are virtually impossible to control in environmental samples with unknown community composition [10] . Truly quantitative analysis, where all the above mentioned biases are accounted for, has not yet been published although quantitative PCR of mixed strains with an internal competitive standard (competi- Average values are based on the fluorescence from a 1.5% agarose gel from the total PCR product and the fluorescence from PCR IS (n = 3). The lowest RSD for each sample is underlined. The lowest RSD for each sample is underlined.
tive PCR) [29] and with real-time PCR [31] has been used. Quantification of amplification efficiencies by realtime PCR is based on the regression slope derived from the exponential phase in the PCR, where primers anneal to already amplified fragments (www.lightcycler-online. com). The quantification of amplification efficiency does, however, not take the initial amplification efficiency of the templates in the beginning of the PCR prior to the exponential phase, into consideration. This aspect might be very important, because if the initial amplification efficiency is low due to primer mismatches or inhibitory substances in the beginning of the PCR, then the exponential phase will start later. This late start of the exponential phase will then be interpreted as low DNA template copy number. The initial amplification efficiency is, however, difficult to quantify due to noise. It is therefore advisable to include a PCR IS also in real-time PCR.
Conclusion
The use of ISMAD during DNA isolation and PCR/ DGGE is a fast, inexpensive and easy method to evaluate experimental variability in comparative diversity analysis of complex bacterial communities, since only one replicate of each sample is required, and since quantification of the Extr IS and PCR IS easily can be performed.
The use of internal standards during DNA isolation (Extr IS ) and during PCR-DGGE (PCR IS ) makes it possible to compensate for and significantly reduce the variations between replicate samples due to experimental variability. Thereby the relative changes seen can be used to assess impacts of treatments. The reduction in variation also increases the possibility to discriminate changes statistically between samples in diversity analysis of complex bacterial communities. Furthermore, the use of internal standards makes it possible to compare the relative abundance of a certain species back to the original sample based on dilutions and normalisations.
